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ABSTRACT 



A digital audio radio service (DARS) antenna system is 
provided. The DARS antenna system includes^gr^adcast^ 
antenna^mpun^^i^a^paqecraft. The broadcast antenna 
includes a slotted waveguide direct radiating array 
(SWDRA). The DARS antenna system also includes a 
mobile user receive antenna having a quadrifilar helix 
antenna (QHA). The DARS antenna system further includes 
a parallel plate polarizer arranged on the broadcast antenna 
for generating circular polarization. In an embodiment, the 
polarizer has a plurality of thin plates arranged perpendicu- 
lar to the SWDRA surface. Broadcast antenna is optimized 
for overall system performance and is capable of high RF 
power and beam shaping. The DARS antenna system is also 
higlU y^liablel iM spacecraft. An 

embodiment of the DARS antenna system of the present 
invention further includes "universal" model and "regional" 
model mobile antennas to easily accommodate personal 
travel and commuter needs. 

28 Claims, 12 Drawing Sheets 
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ANTENNA SYSTEM FOR SATELLITE 
DIGITAL AUDIO RADIO SERVICE (DARS) 
SYSTEM 

BACKGROUND OF THE INVENTION 

The present invention is generally related to antennas and 
in particular, a novel antenna system architecture and imple- 
mentation that addresses the unique requirements of a digital 
audio radio service (DARS) system and optimizes the per- 
formance for the environment in which the system operates. 
Specifically, the antenna system described herein includes a 
downlink broadcasting antenna on board a spacecraft and a 
receive mobile antenna installed on various user vehicles or 
portable radios. 

BRIEF SUMMARY OF THE INVENTION 

A new breed of radio broadcasting system is on the 
horizon. The Federal Communications Commission (FCC) 
has set aside a portion of the airwaves for satellite digital 
audio radio service (DARS). DARS licensees will operate in 
the S-band, between 2,320 and 2,345 MHz, to provide 
continuous nationwide (i.e., CONUS — Continental United 
States) radio programming with digital CD-quality sound 
from two geosynchronous orbit slots. Antennas, including 
spacecraft broadcast antennas and user receive antennas, are 
essential and critical elements of the overall system. The 
antennas are essential since the system cannot operate 
without tbem, and critical because their configuration and 
implementation directly impact the system's performance 
and cost. 

Key design drivers of mobile antennas for a DARS 
system are the physical attributes and production cost. The 
mobile antenna must be simple, light and small enough to be 
"consumer friendly." Commercial viability of the user radios 
depends heavily on the antenna appearance, installation and 
cost. An awkward and expensive antenna that requires more 
than just simple vehicle modification to install would hot 
attract the interest of sufficient numbers of consumers to 
justify the large investment of a DARS system. 

Equally important are the antenna's electrical perfor- 
mance characteristics. Because of the above physical and 
cost constraints, one cannot expect the mobile antennas to 
produce high gain. It is therefore essential that the beam 
peak points to the desired direction so that the gain-slope 
will not penalize the received signal quality. The look angles 
at geosynchronous satellites from CONUS are between 20 
and 80 degrees from zenith. A radio is able to receive 
stronger signals if the antenna pattern is shaped to peak the 
gain between 20 and 80 degrees, as opposed to the conven- 
tional hemispherical coverage which peaks at zenith. In 
addition, the mobile antenna must be omni-directional in 
azimuth so that the received signals strength is insensitive to 
vehicle orientation. Other fundamental electrical character- 
istics include circular polarization (CP) and good polariza- 
tion isolation per DARS system requirements. 

Due to the low gain characteristic of mobile antennas and 
the large broadcasting area of a DARS system, an embodi- 
ment of a spacecraft antenna for the present invention must 
transmit very high power (in the range of 1,5 to 2.0 
kilowatts) to ensure high fidelity audio signals received by 
users. To maximize the power transmitted to the area of 
interest (or minimize power spill-over into a non-coverage 
area), the beam coverage must be shaped to match the 
irregular shape of the broadcasted area. 

As a result, high power handling capability and beam 
shaping capability are therefore two key design drivers of 



)2,359 

2 

the spacecraft broadcasting antenna. Because of the high 
power, the antenna must possess good thermal dissipation/ 
management properties. Because of the beam shaping 
requirement, the antenna must have aperture amplitude and 

5 phase adjustability. In addition, it is highly desired that the 
antenna can be conveniently packaged onto the same bus 
structure and share common thermal control and propulsion 
design with other commercial space programs (such as the 
Odyssey system developed by the assignee of this 

10 application). Doing so reduces the overall program cost. 
Simple onorbit deployment and gimbals mechanisms are 
also preferred for reliability reasons. 

The antenna architecture and implementation for satellite 
DARS system of the present invention provides the advan- 

15 tage of optimized overall system performance using the 
inherent beam coverage flexibility of mobile and spacecraft 
antennas. 

Another advantage of the antenna system of the present 
invention is that it provides an efficient spacecraft antenna 
20 that is capable of high RF power and beam shaping. 

A further advantage of the antenna system is high reli- 
ability from a simple deployment mechanism. An embodi- 
ment of the deployment mechanism includes a torsion spring 
to rotate the antenna into proper position, instead of a 
reflector-type antenna which must be deployed with a com- 
plicated umbrella-type deployment system which is very 
expensive and failure-prone. 

Yet another advantage of the antenna system of the 
30 present invention is that it provides for simple mobile 
antenna installation requiring very minimum vehicle modi- 
fication and low mobile antenna production cost. 

A further advantage of the antenna system of the present 
invention is that the mobile antennas are easily swapped 
35 between a "universal" model and a "regional" model to 
accommodate a personal travel/commute profile. 

An embodiment of a DARS antenna system is provided. 
The mobile user antennas are addressed first; followed by 
the spacecraft antenna; and lastly the system as a whole. 
40 Embodiments of the present invention may be used in 
satellite digital audio radio services, downlink antennas for 
GEO communication systems, spacecraft TT&C antennas 
and airborne communications and radar applications. 

BRIEF DESCRIPTION OF THE SEVERAL 
45 VIEWS OF THE DRAWING 

FIG. 1 is a diagrammatic illustration of an embodiment of 
a satellite Digital Audio Radio Service (DARS) system of 
the present invention. 
5Q FIGS. 2 A and 2B are respective front and back views of 
an embodiment of printed feed network for a quadri filar 
helix mobile antenna (QHA) of the present invention. 

FIGS. 3A and 3B are graphical illustrations of computed 
patterns of embodiments of quadrifilar helix antennas 
55 (QHA) of different length and pitch: FIG. 3A illustrates a 
QHA designed to provide sufficient gain between 20° and 
80° from zenith; FIG. 3B illustrates a QHA designed to 
provide high gain between 40° and 60° from zenith, 
FIG. 4A is a top view of an embodiment of a Slotted 
so Waveguide Direct Radiating Array (SWDRA) arrangement 
for a DARS application of the present invention. 

FIG. 4B is a perspective view of a subarray of the 
SWDRA array of FIG. 4A. 

FIG. 5 A is a top perspective view of a parallel -pi ate 
65 polarizer, slotted waveguide array and waveguide feed net- 
work for the embodiment of the SWDRA of FIGS. 4A and 
4B. 
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FIG. 5B is a bottom perspective view of the embodiment includes four identical windings 205, equally spaced, on a 

of FIG. 5 A. cylindrical surface 210. The four helices 205 are fed by a 

FIG. 6 is a diagrammatic view of a gain contour of a microstrip balun 215 equally in amplitude and with 

DARS system from 80° longitude orbit slot that provides 90-degree phase progression. Both the helices 205 and the 

quasi-uniform coverage within CONUS. 5 balun 215 are fabricated on the same thin dielectric circuit 

FIG. 7A is a graph illustrating aperture amplitude of the shcct 2 ?? usin S standard photo-etching printed circuit pro- 

SWDRA to generate the beam coverage of FIG. 6. f 55 * 5 ' ^ circuit sheet 220 15 tben wra PP cd around a tube 

,n • i_ mi * *• i- j • j c iL for mechanical support. The complete assembly is less than 

^wnp a ? 1S " g 7 * ! f g P 6 f T 4 " in lc °g th and 0.4" in diameter. FIG. 2B illustrates a 

SWDRA to generate the beam coverage of FIG. 6. w ^ ^ ^ 

FIG. 8 A is a perspective view of the S WD RA illustrating _ . . « j . , • . , . # , £ JL . 

t . j ■ i u c Such a printed circuit design with integrated balun allows 

a stowed position during launch of a spacecraft. t , ft_* r i. • .* r i 

OT f . r „ , the use °f standard photo-etching fabrication for low cost 

* B * a P ers P ect ' ve view of the SWDRA ifiustrating volume production> ^ e slim and small h ical size creates 

an on-orbit deployed position of the SWDRA of the present negligible wind loading and therefore needs only simple 

invention. 15 base mount j n g Alternatively, the mobile antenna 200 can be 

FIG. 9 is a perspective view of the lightweight polarizer adde d onto an existing AM/FM antenna, 

for a deployable DARS spacecraft antenna: (a) deployable Beam &h k ^ achieved b y ^ ^ k h and ^ 

approach; and (b) suspension approach. of the helices 205 na 3A md 3B show ^ corm ; uted 

FIG. 10 is a graph illustrating the gain contours of a patterns of quadrifilar helix antennas of different length and 

SWDRA design that favors high latitude region to compen- 20 pitcfa ^ antenna 2 00 with pattern of FIG. 3A provides 

sate for transmission impairment due to relatively more good gaia covcr a g e from 20° to 80° from zenith and is 

frequent line-of-sight obstruction. suitable for anywhere in CONUS. For example, within 

FIG. 11 A is a graph illustrating aperture amplitude of the CONUS different states have different elevations or degrees 

SWDRA to generate the beam coverage of FIG. 10. from zenith. States like Florida are approximately 20°-30° 

FIG. 11B is a graph illustrating a phase distribution of the 25 from zenith and states like North Dakota are approximately 

SWDRA to generate the beam coverage of FIG. 10. 60°-70° from zenith (see FIG. 6). For those relatively 

localized users, the longer antenna with gain peak at proper 

DETAILED DESCRIPTION OF THE look angle ( see FIG 3B ) caD ^ used to cn hance the received 

INVENTION ^ signal quality . 

The present invention provides an antenna system for use The electrical performance of the DARS system is further 
with a satellite digital audio radio service (DARS) system as enhanced, and the product cost further reduced, by the 
discussed above. In particular, FIG. 1 illustrates an embodi- helical antenna's 200 self -polarization characteristic. The 
ment of a antenna system for a satellite DARS system self-polarizing characteristic eliminates a need for a polar- 
indicated generally at 100. The antenna system 100 is 35 izer circuit required in other antenna configurations (such as 
divided into three primary segments. The first segment is a microstrip patches) to generate CP. As a result, the additional 
space segment 105, a second segment is a ground segment loss and cost associated with the polarizer is also eliminated. 
110 and a third segment is a users segment 115. Included in The radio performance is further enhanced by integrating 
the space segment 105 is a west satellite 120 and an east front-end low noise amplifier (LNA) directly into the 
satellite 125. The satellites 120 and 125 provide coverage ^ antenna base. This eliminates the high loss due to the long 
over the continental United States (CONUS). In addition, cable. The LNA is generally the first stage in the receiving 
two satellites 120, 125 are used for redundancy and improv- system. It is advantageous to minimize the loss between the 
ing signal strength in certain instances. Also, for diversity antenna and the LNAsince any loss between the two directly 
reasons, the two satellites 120, 125 may broadcast the same impacts the SNR. For example, one dB loss before the LNA 
signal such that the users receive both signals, with an 45 will result in a one dB decrease in the SNR. 
appropriate time delay, for an improved quality summed An embodiment of a spacecraft antenna 250 for the 
signal. DARS system 100 of the present invention is illustrated in 

The ground segment 110 includes studios 140 which are FIGS. 4 A, 4B, 5 A and 5B. The spacecraft antenna 250 

connected to a primary satellite control center 145 and also includes a slotted waveguide direct radiating array 

a backup satellite control center 150 for redundancy and 50 (SWDRA) 260 with parallel plate polarizer 270 (FIG. 5A) 

reliability. The primary satellite control center 145 also for generating CP. As shown in FIG. 4A, the baseline 

provides a west satellite radio uplink 155 and an east satellite antenna 250 consists of 32 (4x8) subarrays 275. As shown 

radio unlink 160 which communicate with the west satellite in FIG. 4B, each subarray 275 has 25 (5x5) slots 280 cut on 

120 and the east satellite 125, respectively. a broad wall 285 of each of five waveguides 290. A 

The users segment 115 includes receiver antennas and 55 waveguide network of branchline couplers 295 on a back 

radios in a variety of vehicles and devices. For example, side of the array connects all 32 subarrays 275 (FIG. 5). A 

FIG. 1 illustrates an automotive vehicle 165, a house or shaped CONUS beam is generated by setting proper exci- 

building 170, watercraft 175, aircraft 180, and individual tation amplitude at every element (slot) and excitation phase 

pedestrian users 185. All the above users are possible users at every subarray 275. The uniform phase within the sub- 

of the antenna system 100 of the DARS system. In addition, eo arrav 275 ( as opposed to phase variation from element to 

between the space segment 105 and the users segment 115, element) drastically simplifies the manufacturing without 

is a west radio broadcast 190 and an east radio broadcast 195 significant performance degradation, 

transmitted from the west satellite 120 and the east satellite An example CONUS beam coverage is illustrated in FIG. 

125 to the users respectively. 6. FIG. 6 is generated assuming that a satellite is located at 

An embodiment of mobile antenna for the DARS radio is 65 the orbit slot of 80° W longitude. The aperture amplitude and 

a printed circuit quadrifilar helix antenna (QHA) 200. Refer- phase distribution used to generate the coverage shape of 

ring to FIGS. 2A and 2B, an embodiment of the QHA 200 FIG. 6 are shown in FIG. 7. In particular, FIG. 7A illustrates 
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a graphical representation of the aperture amplitude , while 
FIG. 7B shows the phase distribution. The objective of this 
design is to achieve near-uniform coverage in CONUS. 
However, some systems may not require coverage in 
Florida, for example. Different design objectives will lead to 
a different set of aperture distributions and therefore differ- 
ent coverage shapes, as discussed below. 

The antenna's waveguide structure (usually constructed 
in aluminum or metalized composite material) inherently 
possesses the property of high conductivity, both electrical 
and thermal. The high electrical conductivity minimize the 
RF power loss due to ohmic loss. Therefore, the antenna 250 
is highly efficient. The high thermal conductivity, aug- 
mented by the large aperture area, enables effective dissi- 
pation of excessive heat (if any). The embodiment of the 
spacecraft antenna 250 therefore is able to handle very high 
RF power as needed in the DARS system 100. 

FIG. 8A illustrates how an embodiment of the SWDRA 
260 is packed onto a spacecraft 300 in the stowed position 
during launch. The spacecraft antenna 250 can be easily 
deployed on orbit by a simple rotation mechanism (such as 
a torsion spring) around the spacecraft's yaw-axis as 
described below. 

FIG. 8B illustrates the spacecraft 300 in a deployed 
on-orbit orientation. The S-band broadcast antenna 250 is 
illustrated in a deployed position. As can be seen with 
reference to FIG. 8 A, the broadcast antenna is rotated 90° 
from its stowed position during launch. The spacecraft 300 
also includes solar array wings 305 connected by a solar 
array drive 310 to the spacecraft 300. The spacecraft 300 
also includes a payload equipment compartment 315 and a 
spacecraft bus equipment compartment 320. Further, a C 
band omni antenna 325 and a K band feeder antenna 330 are 
also provided. 

The embodiment of the spacecraft antenna 250 includes 
the SWDRA 260 which uses the parallel plate polarizer 270 
to provide CP needed in the DARS system 100. Again, a 
metal such as aluminum or metalized composite material 
can be used to construct the polarizer 270 to achieve high 
power handling and good thermal management. Key elec- 
trical design considerations of the polarizer 270 are two- 
fold: one, the polarizer 270 should be capable of generating 
CP of good polarization purity; and second, the presence of 
the polarizer 270 in front of the SWDRA 260 shall not 
significantly perturb the aperture distribution, which will 
change the coverage shape. The fact that the parallel plates 
are perpendicular to the SWDRA 260 surface (see FIGS. 5A 
and 5B) suggests that the perturbation will be insignificant 
if the plates are kept very thin. Applicants have proven this 
to be true. Thin plates also help the weight control of the 
entire spacecraft antenna 250. 

However, the thin plates must be sufficiently strong to 
overcome any structure stiffness concerns. The thin and long 
plates must survive acoustic and random vibration during a 
launch. Once deployed on orbit, the thin plates are less of a 
concern because the antenna 250 is operated in a fairly 
stationary condition. 

Embodiments of several designs of the present invention 
address this issue. For example, FIG. 9 illustrates two 
potential embodiments of the polarizer. For example, an 
embodiment shown in FIG. 9(b) includes torsion spring 
hinges at one end of the plates. All plates, which are folded 
down and secured during launch to survive the vibration, 
will spring up on orbit after antenna deployment. 

The DARS 100 system uses two satellites at two orbit 
slots (e.g. 80° W and 110° W) for redundancy and diversity. 
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CONUS presents different shapes to satellites at different 
orbit locations. A SWDRA designed for 80° will not prop- 
erly cover the CONUS from 110°. The optimum perfor- 
mance is obtained by two antenna designs, one for each orbit 

5 location. Alternately, a common design can be used at both 
orbit locations for cost savings (mainly non-recurring cost), 
but at the expense of slight gain degradation on the order of 
0.5 dB in corner regions (such as New England), 

A unique operating environmental characteristics of the 

10 DARS system 100 is its diverse and dynamic propagation 
environments. Satellite communications/broadcasting relies 
on clear line-of-sight transmission. It is known that build- 
ings and trees absorb microwave signals. The satellite 
DARS system 100 operates at relatively higher frequencies 

15 than those presently used for terrestrial cellular or radio/TV 
transmissions. Attenuation by atmosphere or vegetation is 
greater at higher frequencies. Transmission impairment can 
also result from reflections, multipath fading, black body 
radiation from adjacent structures, and RF interference from 

2Q other services operating in the same or adjacent bands. For 
broadcasting to a fixed point, this problem can be easily 
alleviated by judiciously selecting a receiving site of clear 
line-of-sight. In the DARS system 100, the situation is 
complicated by the vehicle mobility. As a result, the propa- 

^ gation environment between the satellites in the space 
segment 105 and the users 115 is diverse and dynamic as 
shown in FIG. 1. 

Statistically, mobile users in high latitude areas experi- 
ence the above-mentioned transmission impairment more 

3 q often because their low elevation looking angle at the 
satellite and therefore obstruction in the line-of-sight. The 
beam shaping capability built in the antenna architecture of 
the present invention provides several options to balance 
received signals quality between a low latitude area and high 

35 latitude area. These options can be employed in combination 
or separately. 

For example, a first option is a "universal" model of the 
mobile antenna that is designed to favor low elevation 
angles (see FIG. 3A) while maintaining sufficient gain for 

40 satisfactory reception from 20° to 80° from zenith (70 to 10 
degree elevation angle). The "universal" mode is intended 
for use everywhere in CONUS. 

A second option includes providing several "regional" 
models of the mobile antenna that are offered to those users 

45 whose travel/commute areas are fairly localized. The 
regional model provides relatively higher gain in only a 
certain range of elevation angles and may not be suitable for 
use outside the specified region (see FIG. 3B). The regional 
model mobile antenna is thus tailored for the region of use. 

50 As explained above, users in North Dakota would have a 
regional antenna with a gain peak of 70°, and users in 
Florida would have a regional antenna with a gain peak of 
20°. Thus, the gain is higher at the appropriate angle so the 
reception quality is better for the particular region. Antenna 

55 swapping by the users between the "universal" model and 
the "regional" models is a simple matter of unscrewing/ 
screwing the mobile antenna 200. 

A third option is that the spacecraft antenna is designed to 
favor the high latitude region, for example, states like 

60 Montana and North Dakota, as opposed to the near-uniform 
coverage of the CONUS of FIG. 6. FIG. 10 illustrates one 
example of this type of coverage assuming a common design 
for both east and west orbit locations. The aperture ampli- 
tude and phase distribution required to generate the coverage 

65 of FIG. 10 are shown in FIG. 11, where aperture amplitude 
is shown in FIG. 11 A and phase distribution is shown in FIG. 
11B. 
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While particular elements, embodiments and applications 
of the present invention have been shown and described, it 
will be understood, of course, that the invention is not 
limited thereto since modifications may be made by those 
skilled in the art, particularly in light of the foregoing 
teachings. It is therefore contemplated by the appended 
claims to cover such modifications as incorporate those 
features which come within the spirit and scope of the 
invention. 

I claim: 

1. A digital audio radio service (DARS) antenna system 
comprising: 

a broadcast antenna mounted on a spacecraft, the broad- 
cast antenna including a slotted waveguide direct radi- 
ating array (SWDRA); and 

a mobile user receive antenna including a quadrifilar helix 
antenna (QHA). 

2. The DARS antenna system of claim 1 further compris- 
ing: 

a parallel plate polarizer arranged on the broadcast 
antenna for generating circular polarization (CP). 

3. The DARS antenna system of claim 2 wherein the 
parallel plate polarizer comprises a plurality of thin plates 
arranged perpendicular to the SWDRA surface. 

4. The DARS antenna system of claim 1 wherein the 
broadcast antenna transmits at a power level of approxi- 
mately 1.5 kilowatts. 

5. The DARS antenna system of claim 1 wherein the 
broadcast antenna shapes a transmit beam to approximate a 
shape of a broadcast area. 

6. The DARS antenna system of claim 1 wherein the 
DARS antenna system operates in the S-band between 2,320 
MHz and 2,345 MHz. 

7. The DARS antenna system of claim 1 wherein the 
DARS antenna system provides digital audio from at least 
two geosynchronous orbit slots. 

8. The DARS antenna system of claim 1 wherein the 
broadcast antenna has adjustable phase, 

9. The DARS antenna system of claim 1 wherein the 
broadcast antenna has adjustable aperture amplitude. 

10. The DARS antenna system of claim 1 wherein the 
broadcast antenna has high thermal and electrical conduc- 
tivity. 

11. The DARS antenna system of claim 1 wherein the 
broadcast antenna is constructed in aluminum. 

12. The DARS antenna system of claim 1 wherein the 
broadcast antenna is constructed in a metalized composite 
material. 

13. The DARS antenna system of claim 1 further com- 
prising: 

a rotation mechanism to deploy the broadcast antenna on 
orbit from the spacecraft. 
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14. The DARS antenna system of claim 13 wherein the 
rotation mechanism comprises a torsion spring. 

15. The DARS antenna system of claim 1 wherein the 
SWDRA further comprises: 

a first plurality of subarrays each having a second plural- 
ity of slots cut in walls of a third plurality of 
waveguides. 

16. The SWDRA of claim 15 wherein the first plurality is 
32, the second plurality is five and the third plurality is five. 

17. The DARS antenna system of claim 15 further com- 
prising: 

a waveguide network of branchline couplers connecting 
the first plurality of subarrays. 

18. The DARS antenna system of claim 1 further com- 
prising: 

a printed circuit QHA having four identical helical wind- 
ings equally spaced on a cylindrical surface. 

19. The DARS antenna system of claim 18 further com- 
prising: 

a microstrip balun feeding the four for helical windings 
equally in amplitude and with 90° phase progression, 
the four helical windings and the balun fabricated on a 
single thin dielectric circuit sheet using standard photo- 
etching printed circuit processing techniques. 

20. The DARS antenna system of claim 19 wherein the 
circuit sheet is wrapped around a tube. 

21. The DARS antenna system of claim 1 wherein the 
QHA is approximately four inches long and 0.4 inches in 
diameter. 

22. The DARS antenna system of claim 1 wherein the 
QHA is self -polarizing. 

23. The DARS antenna system of claim 1 wherein the 
mobile antenna has an antenna pattern shaped to peak gain 
between 20° and 80° from zenith. 

24. The DARS antenna system of claim 1 wherein the 
mobile antenna is azimuthally omni -directional. 

25. The DARS antenna system of claim 1 further com- 
prising: 

integrated front-end LNA directly into a mobile antenna 
base. 

26. The DARS antenna system of claim 1 further com- 
prising: 

a universal model of the mobile antenna favoring low 
elevation angles and providing reception from eleva- 
tional angles of 70°-10°. 

27. The DARS antenna system of claim 1 further com- 
prising a regional model of the mobile antenna having a 
relatively higher gain at a preselected range of elevation 
angles. 

28. The DARS antenna system of claim 1 wherein the 
mobile antenna is removable and replaceable. 
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